We map the phase diagram of microtubules as a function of temperature and tubulin concentration.
I. INTRODUCTION The protein tubulin is found in every cell of every living organism (with the exception of bacteria ) [1] . In the presence of guanosine-tri-phosphate (GTP) and magnesium ions (Mg +), tubulin-GTP complexes form [2] and aggregate [3] [4] and easily grow long enough to span a cell (10 -100 pm). In the cell, microtubules form a network that supports the overall structure and guides internal transport [5] . Fundamental cellular processes, like locomotion, morphogenesis, and reproduction, rely on the ability of microtubules to change their organization. This ability derives from a unique feature of microtubule assembly called dynamic instability [6] .
The term dynamic instability describes the fact that individual microtubules are dynamic structures that Auctu- ate erratically between assembling and disassembling. These Auctuations are not microscopic; they often involve most or all of the microtubule. A typical plot of the length of a single microtubule over time is shown in Fig. 1. This so-called dynamic instability depends on the hydrolysis reaction which turns the GTP of the tubulin-GTP cotnplex into guanosine-di-phosphate (GDP) and releases energy (-8k T/reaction) [7] .
Dynamic instability has been the subject of research for the past decade. The key element of all models is a competition between growth and the process of hydrolysis, often considered in terms of a growth front and a possible hydrolysis front. Crudely, when the hydrolysis front overtakes the growth front, the microtubule struc- draw attention [8] . Experimental [9] , and the concentrations of GTP and Mg + ions [10] . Of these, the most biologically relevant parameter is perhaps the concentration MAP's. However, to understand dynamic instability the concentration of tubulin has been the preferred variable, since it affects the growth velocity but not the hydrolysis of GTP.
In the work described here, we vary both temperature and tubulin concentration and map the phase diagram of microtubule growth. We study both spontaneously nucleated assembly and growth from nucleation sites [11] .
The resulting phase diagram is shown in Fig. 2 [19] , held 50 pm apart by a pair of tungsten wires, and sealed on two sides defective, a fractional occupation will arise, but it will not change with temperature or concentration. This is clearly not the case in the experiment described here (Fig. 5) .
The steady-state fractional occupation of rnicrotubule nucleating sites is a signature of dynamic instability.
Since microtubules occasionally catastrophe (Fig. 1) Fig. 5 ).
Bounded-unbounded growth.
The transition from bounded to unbounded growth, which had been predicted previously [12] ,can also be observed in the distribution of microtubule lengths. We catalogued the lengths of microtubules in four samples of 45-pM tubulin concentration at four different temperatures below 16 C. Each Temperature ('C) measurement lasted 2 h and the length distributions did not change in that time [21] . The histograms are shown in Fig. 6 ; the solid curves are least-squares fits to the ex-
The lowest bin at the two warmest temperatures was not included in the fits since the geometry of our nucleation sites introduces a bias against very short microtubules at high occupation levels (P", )0.3) [20] . Elsewhere, the fits are very good. Since a stochastic process would lead to an exponential distribution of lengths, this result supports the hypothesis that dynamic instability is generated by a stochastic process. Above the transition, as expected, the length distribution is no longer stationary. The histograms for the first and second hour at 16. 4'C are shown in Fig. 8 . The time dependence of the length distribution is evident in both the average and extreme lengths.
We do not observe the effects of depletion, where escaping microtubules screen the ones left behind from difFusing dimers [12] . Every We have observed that the dependence on concentration follows a power law with an exponent of 12+2 (Fig.  9 ). This is physically related to the microtubule structure, in particular the number of protofilaments [4] . A detailed discussion and model of the concentration and temperature dependence of this process will be given elsewhere [22] .
It In the first case, we can apply our calculation of the rate of encounter to find the probability of sticking as a function of temperature. This is plotted in Fig. 10(c) . Sticking probabilities are on the order of 2/1000 and change by a factor of 8 over a temperature range of 30'C.
The curve is not a standard exponential form e suggesting that the binding energy 8 is itself temperature dependent.
This interpretation is plausible since the properties of water (e.g. , viscosity, entropy} are changing over this temperature range.
In the case of the temperature controlled sink, we refer to the proposal that tubulin exists in an equilibrium between two forms, one that can assemble into microtuand several different temperatures per concentration, we recorded the lengths of individual microtubules for up to 30 min, as illustrated in Fig. 1 . We analyze the data in terms of four parameters: the velocity of growth Vg, the velocity of shrinking V" the time until catastrophe T" and the probability of rescue I'". Velocity ofgrowth. The velocity of microtubule growth can be thought of as the product of the rate R, at which dimers encounter the end of a microtubule and the probability P at which they stick. The rate of encounter can be calculated based on diffusion-limited transport. This calculation involves integrating the number of dimers a distance r from the microtubule end n (r) divided by the time it takes a dimer to diffuse that distance t(r) times the probability that a dimer diffuses in the direction of the microtubule end p (r }: n(r) (Fig. 10) . Thus, the growth rate is limited by the probability that tubulin dim~rs stick to the microtubule and not by the rate at which they diffuse to the microtubule end [10(b) ].
The velocity of growth increases significantly at higher temperatures. Two difFerent mechanisms could cause this behavior. Either the probability of sticking is chang- [23] .
The measurement of growth velocity spans a large range of tubulin concentration (Fig. 10) . From the plot of velocity divided by total tubulin concentration [ Fig.  10(b) T, is plotted as a function of temperature in Fig. 12(a) . Its temperature dependence contains that of the velocity of growth. However, if the velocity of growth were the only relevant parameter, the points would collapse onto a single curve when plotted as a function of V . Figure   12 
APPENDIX
We use the a standard protocol for purifying tubulin [24] . We isolate tubulin from mammalian (bovine) brain. First, the brain is homogenized in a blender. The homogenate is repeatedly centrifuged to separate the material by weight. The centrifugation procedure takes advantage of the general temperature dependence of microtubule polymerization. By successively saving the material that is lightest at low temperatures (4'C) and heaviest at high temperatures (37'C) through three temperature cycles, we refine the mixture to the point of containing only tubulin and MAP's [9] . The MAP's are removed by adjusting the pH of the solution to the iso-electric point of tubulin (pH 6.7) and passing the solution through a column of a phosphocellulose ion exchanger. Tubulin is neutral at this pH, but MAP's are charged and therefore bind strongly to the phosphocellulose. Step-by-step protocols have been published [24] or are available upon request from the authors.
[l] Tubulin is actually the generic name of several nearly identical globular proteins individually referred to with the prefix a, P, or y. Most tubulin in nature exists as a heterodimer of one a-tubulin and one P-tubulin molecule (molecular weight -110000daltons). For the purposes of this paper, the name tubulin refers to this heterodimer. The dimer is approximately 40-A wide and 80-A long.
[2] a and P tubulin each associate with a molecule of GTP: a
